nature neurOSCIenCe a r t I C l e S A G 4 C 2 repeat expansion located in an intronic region of chromosome 9 open reading frame 72 (C9ORF72) is the most common genetic cause of FTD and ALS 1,2 . FTD is characterized by abnormalities in behavior, language and personality, whereas ALS primarily affects motor systems. Nevertheless, in addition to a genetic overlap between FTD and ALS, there is considerable clinical and neuropathological overlap, indicating these two diseases may share common underlying pathological mechanisms.
a r t I C l e S A G 4 C 2 repeat expansion located in an intronic region of chromosome 9 open reading frame 72 (C9ORF72) is the most common genetic cause of FTD and ALS 1, 2 . FTD is characterized by abnormalities in behavior, language and personality, whereas ALS primarily affects motor systems. Nevertheless, in addition to a genetic overlap between FTD and ALS, there is considerable clinical and neuropathological overlap, indicating these two diseases may share common underlying pathological mechanisms.
Potential mechanisms by which C9ORF72 repeat expansions cause FTD and ALS, collectively referred to as c9FTD/ALS, include loss of C9ORF72 function consequent to decreased C9ORF72 mRNA expression [3] [4] [5] [6] , and toxicity mediated by sense and/or antisense repeatcontaining RNA 7 . For example, these transcripts form nuclear RNA foci believed to sequester several RNA-binding proteins and thereby cause abnormal RNA metabolism [8] [9] [10] [11] . Recent evidence also suggests that sense G 4 C 2 transcripts cause cellular injury by disrupting nucleocytoplasmic transport through nuclear pores 12, 13 . Furthermore, both sense and antisense repeat-containing transcripts are susceptible to repeat-associated non-ATG (RAN) translation resulting in the synthesis of proteins of repeating dipeptides (GP, GA, GR, PA or PR), collectively referred to as c9RAN proteins [14] [15] [16] [17] [18] .
Several studies indicate that certain c9RAN proteins are toxic in cultured cells and/or Drosophila melanogaster models [19] [20] [21] [22] [23] [24] [25] [26] . Arginine-rich poly(PR) and poly(GR) c9RAN proteins, found to induce nucleolar stress 23, 24, 26 and implicated in impaired nucleocytoplasmic transport 12, 19 , appear to be especially harmful. Nonetheless, their contribution to disease remains unclear, largely because of the relative paucity of poly(PR) and poly(GR) pathology in c9FTD/ ALS 14, [16] [17] [18] 27, 28 . In contrast, cytoplasmic poly(GA) inclusions are abundant in brains affected by c9FTD/ALS 17, 25, 27 . This is of particular interest given recent evidence that cytoplasmic protein aggregates interfere with nucleocytoplasmic transport of proteins and RNA 29 . In addition, several studies using cultured cells or primary neurons have demonstrated evidence of poly(GA) toxicity 20, 22, 25 . We and a r t I C l e S others have shown that poly(GA) proteins impair the ubiquitinproteasome system (UPS) 20, 25 , induce endoplasmic reticulum stress 25 and cause loss of function of Unc119 proteins 22 . Ubiquitin-and p62-positive inclusions composed of c9RAN proteins are a neuropathological hallmark in c9FTD/ALS [14] [15] [16] [17] [18] , and mutations in p62 (refs. 30,31) and ubiquilin-2 (ref. 32 ) also result in ALS and FTD, indicating that UPS disruption may be a critical factor in c9FTD/ALS disease pathology.
No effective treatment for c9FTD/ALS exists, in part because of an incomplete understanding of the causative mechanisms of disease. To bridge this gap in our understanding and to gain much needed insight on the contribution of c9RAN proteins to c9FTD/ALS, with a particular focus on poly(GA), we used an adeno-associated virus (AAV) vector to mediate robust expression of poly(GA) proteins in the central nervous system (CNS) of mice.
RESULTS

Poly(GA) aggregation is necessary for its toxicity
Using constructs that drive poly(GA) expression in the absence of other c9RAN proteins and foci, we previously reported that, in cultured cells and primary neurons, poly(GA) proteins form soluble and insoluble high-molecular-weight species, as well as inclusions composed of filaments similar to those observed in c9FTD/ALS brain tissues 25 . Here, to determine whether the conformation of poly(GA) proteins is important for their propensity to aggregate, we disrupted poly(GA) protein conformation by inserting proline residues among the repeating GA dipeptides. This strategy has been shown to disrupt the conformation and inhibit aggregation of other proteins associated with neurodegeneration (for example, polyglutamine [33] [34] [35] , amyloid peptides 36 and tau 37 ). We generated an ATG-initiated expression vector in which a proline residue was inserted after every 5 of the 50 GA repeats, referred to as (GA) 50-mut . Consistent with our previous finding 25 , recombinant untagged (GA) 50 proteins formed fibrils in vitro (Fig. 1a) . In contrast, recombinant (GA) 50 -mut did not assemble into filaments (Fig. 1a) . Whereas GFP-tagged (GA) 50 formed cytoplasmic inclusions when expressed in cultured cells, and accumulated as insoluble high-molecular-weight species in cellular fractions, GFP-(GA) 50 -mut was diffusely distributed in cells and remained in a soluble, monomeric form (Fig. 1b,c) . Expression of GFP-(GA) 50 in primary neurons for 7 d resulted in the formation of high-molecularweight poly(GA) species (Fig. 1d) and was neurotoxic, as evidenced by a significant increase in amounts of active caspase-3, a mediator of programmed cell death (Fig. 1d,e) , and LDH activity (Fig. 1f) relative to cells expressing only GFP. The GFP-(GA) 50 -mut proteins, which could not aggregate, were not harmful to neurons, inducing neither caspase-3 activation nor LDH activity (Fig. 1d-f) . These data suggest that the intrinsic conformation of poly(GA) proteins determines their propensity to aggregate and their toxicity.
GFP-(GA) 50 mice develop hallmark features of c9FTD/ALS Given that poly(GA) expression was detrimental to primary neurons, we investigated the consequences of poly(GA) expression in vivo using AAV serotype 1 vectors to express GFP-(GA) 50 or GFP in the CNS of mice. As above, we also generated GFP-(GA) 50 -mut −expressing mice to investigate whether poly(GA) toxicity depends on its ability to aggregate. Six months after intracerebroventricular (ICV) administration of AAV1 vectors at post-natal day 0, we assessed the mice to determine whether they exhibited pathological hallmarks associated with c9FTD/ALS. As in cultured cells, GFP-(GA) 50 proteins, but not GFP or GFP-(GA) 50-mut proteins, formed cytoplasmic and occasional nuclear inclusions in the cortex of mouse brains (Fig. 2a) and other brain regions, including the hippocampus, olfactory bulb, cerebellum and thalamus (Supplementary Fig. 1a,b and Supplementary Table 1) . These inclusion were present mainly in MAP2-positive neurons rather than in GFAP-positive astrocytes (Supplementary Fig. 1c ).
Immunoelectron microscopy using anti-GA antibody labeled with gold particles showed neuronal cytoplasmic inclusions composed of fibrils of poly(GA) proteins (Fig. 2b) . Immunofluorescence analysis revealed that nearly all GFP-(GA) 50 inclusions were ubiquitin-positive (Fig. 2c) . Ubiquitin-positive inclusions were not present in mice expressing GFP or GFP-(GA) 50-mut (Supplementary Fig. 1d ). Furthermore, GFP-(GA) 50 , but not GFP or GFP-(GA) 50-mut , formed (GA) 50 (GA) 50 50 and GFP-(GA) 50-mut proteins expressed in HEK293T cells. Nuclei were counterstained with Hoechst 33258 (blue). Scale bar, 5 µm.
(c) Immunoblot analysis of Triton X-100−soluble (S) and −insoluble (Ins) fractions of lysates from HEK293T cells expressing GFP-(GA) 50 and GFP-(GA) 50-mut . Blots were probed with antibodies specific for GFP. (d,e) Immunoblot (d) and densitometric analysis of immunoblots (e) indicating the levels of GFP-tagged proteins and active caspase-3 in neurons expressing GFP, GFP-(GA) 50 or GFP-(GA) 50-mut . GAPDH was used as a loading control in c and d. Full-length immunoblots are presented in Supplementary Figure 9 . (f) Relative LDH activity, an indicator of cell toxicity, in the culture supernatant of primary neuronal cells expressing the indicated GFP-tagged proteins. Data are presented as mean ± s.e.m. from four separate experiments. P < 0.0001, as analyzed by one-way ANOVA. ****P < 0.0001, Tukey's post hoc analysis. A.U., Arbitrary units npg a r t I C l e S high-molecular-weight species in mouse brain lysates, as assessed by immunoblot analyses (Fig. 2d) . Transgene mRNA levels were comparable between mice expressing GFP-(GA) 50 or GFP-(GA) 50-mut , but were significantly increased in GFP-expressing mice (Fig. 2e) , ruling out the possibility that expression influenced poly(GA) aggregation.
Poly(GA) sequesters HR23 and nuclear pore proteins We and others reported that poly(GA) proteins cause UPS dysfunction 20, 25 , and that poly(GA) interacts with components of the UPS and UPS-related proteins, such as HR23 proteins 22 . HR23A and HR23B, mammalian homologs of Saccharomyces cerevisiae Rad23, are nuclear proteins involved in the transfer of ubiquitinated proteins to the proteasome for degradation 38 . To investigate whether impairments in HR23A and HR23B underlie poly(GA)-mediated neurotoxicity, we examined the distribution of these proteins in 6-month-old GFP-(GA) 50 −expressing mice. Both HR23A and HR23B formed nuclear and, more frequently, cytoplasmic aggregates in the cortex (Fig. 3a) , hippocampus ( Supplementary Fig. 2a ) and other regions (Supplementary Table 2 ) of mice expressing GFP-(GA) 50 in contrast to their diffuse, predominantly nuclear distribution in mice expressing GFP or GFP-(GA) 50-mut (Fig. 3a and Supplementary Fig. 2a ). The redistribution of nuclear HR23 proteins to cytoplasmic aggregates in mice expressing GFP-(GA) 50 was caused by sequestration of HR23 proteins into poly(GA) inclusions ( Fig. 3b and Supplementary Fig. 2b ).
In fact, similar pathology was present in mice expressing (G 4 C 2 ) 66 , another model of c9FTD/ALS in which c9RAN proteins, including poly(GA), are synthesized through RAN translation 39 . Compared to the concentration of poly(GA) in mice expressing GFP-(GA) 50 (4,019 ± 206 ng/mg protein, mean ± s.e.m.), poly(GA) levels was approximately twofold lower in mice expressing (G 4 C 2 ) 66 (2,057 ± 129 ng/mg protein; P < 0.0001, unpaired t-test), but HR23B-positive inclusions were nonetheless present (Supplementary Fig. 2c ). HR23 proteins formed cytoplasmic aggregates and co-localized with poly(GA) inclusions in hippocampal sections from patients with c9FTD/ALS but not from healthy controls ( Fig. 3c and Supplementary Fig. 2d ).
Given that cytoplasmic poly(GA) inclusions are abundant in GFP-(GA) 50 mice, that cytoplasmic protein aggregates interfere with the nuclear import and export of proteins 29 , and that defective nucleocytoplasmic transport is a putative pathomechanism of c9FTD/ALS 12,13,19 , we investigated whether nuclear pore complex defects occur in mice expressing GFP-(GA) 50 as these could contribute to the mislocalization of nuclear HR23 proteins. We examined the distribution of RanGAP1, a key regulator of nucleocytoplasmic transport that is mislocalized in (G 4 C 2 ) 30 -expressing flies as well as in c9ALS patient−derived neuronal cultures and brain tissues 13 , and of Pom121, an inner membrane nuclear pore protein that has a role in nuclear pore assembly and its anchoring to the nuclear envelope 40, 41 . Six-month-old GFP-expressing mice had smooth perinuclear staining of RanGAP1, whereas in mice expressing GFP-(GA) 50 we observed nuclear and cytoplasmic puncta of RanGAP1, which nearly always colocalized with poly(GA) inclusions (Fig. 3d,e and Supplementary Table 2 ). RanGAP1 puncta were occasionally immunopositive for HR23A and HR23B (Supplementary Fig. 2e ). Pom121, which localized to the nuclear membrane in GFP mice, nearly always colocalized with poly(GA) inclusions in mice expressing GFP-(GA) 50 ( Fig. 3d,e and Supplementary Table 2 ). Both RanGAP1 and Pom121 were similarly mislocalized in 6-month-old mice expressing (G 4 C 2 ) 66 ( Supplementary Fig. 2f ), but we saw no such aberrations in mice expressing GFP-(GA) 50-mut (Fig. 3d) , indicating that poly(GA)-induced disruption of nuclear pore proteins is dependent on poly(GA) aggregation. These data suggest that expression of poly(GA) leads to defects in the nuclear pore complex, which could be detrimental to nucleocytoplasmic transport and may thus contribute, at least in part, to the mislocalization of HR23 proteins.
Loss of function of poly(GA)-sequestered HR23 proteins To determine whether sequestration of HR23 proteins by poly(GA) hinders their function, we evaluated poly(GA)-induced HR23A and HR23B intracellular mislocalization. We observed an increased cytoplasmic accumulation of HR23A and HR23B, and a concomitant decrease in nuclear HR23A and HR23B in HEK293T cells expressing GFP-(GA) 50 compared to GFP-expressing or GFP-(GA) 50-mut −expressing controls (Supplementary Fig. 3a) . Also, GFP-(GA) 50 , but not GFP or GFP-(GA) 50 -mut , precipitated with HR23A and HR23B in total cell lysates fractions from brain lysates of mice expressing GFP, GFP-(GA) 50 or GFP-(GA) 50-mut . Blots were probed with antibodies specific for GFP. GAPDH was used as a loading control. Full-length immunoblots are presented in Supplementary Figure 9 . (e) Quantitative real-time PCR analysis of relative mRNA levels of the indicated GFP-tagged proteins in brains of mice expressing GFP, GFP-(GA) 50 or GFP-(GA) 50-mut (n = 4-5 per group). Data are presented as mean ± s.e.m. P = 0.0002, one-way ANOVA. ***P = 0.0003 (GFP mice versus GFP-(GA) 50 mice) and ***P = 0.0007 (GFP mice versus GFP-(GA) 50-mut mice), Tukey's post hoc analysis. npg a r t I C l e S ( Supplementary Fig. 3b ). HR23 proteins bound both monomeric and high-molecularweight forms of GFP-(GA) 50 ( Supplementary  Fig. 3b ), suggesting they interact with poly(GA) before its aggregation.
To determine whether HR23 proteins bind c9RAN proteins other than poly(GA), we carried out co-immunoprecipitation studies using lysates from cells expressing GFP-(GP) 47 , GFP-(GR) 50 , GFP-(GA) 50 or GFP. As HR23A and HR23B both bind poly(GA) (Supplementary Fig. 3b ), we focused on the potential interaction between HR23B and c9RAN proteins, which revealed that only poly(GA) interacted with HR23B ( Supplementary  Fig. 3c ). We validated this in (G 4 C 2 ) 66 mice, which express poly(GA), poly(GP) and poly(GR) 39 ; whereas the majority of HR23B inclusions in (G 4 C 2 ) 66 mice were immunopositive for poly(GA), HR23B inclusions were immunopositive for poly(GP) or poly(GR) much less frequently (Supplementary Fig. 3d ). Staining of hippocampal sections from c9FTD/ALS patients for both HR23B and either poly(GA), poly(GP) or poly(GR) showed similar results. Whereas inclusions immunopositive for poly(GA) or poly(GP) outnumbered those positive for HR23B, the majority (85.0%) of HR23B-containing inclusions were positive for poly(GA 50 and either HR23A or HR23B in the cortex of mice expressing GFP-(GA) 50 . Scale bars, 5 µm. (c) Double immunofluorescence staining for poly(GA) and either HR23A or HR23B in the hippocampus of c9FTD/ALS subjects. Scale bars, 10 µm.
(d) Immunofluorescence staining of RanGAP1 and Pom121 in the cortex of mice expressing GFP, GFP-(GA) 50 or GFP-(GA) 50-mut . Insets, higher magnification examples of cytoplasmic and nuclear inclusions containing RanGAP1 or Pom121. Scale bars, 20 µm. (e) Double immunofluorescence staining for GFP-(GA) 50 and either RanGAP1 or Pom121 in the cortex of mice expressing GFP-(GA) 50 . Scale bars, 10 µm. npg a r t I C l e S localized with poly(GP) or poly(GR) inclusions (9.2% and 4.5%, respectively) ( Supplementary Fig. 3e ).
HR23 has a role in UPS function and also stabilizes xeroderma pigmentosum C (XPC) 42 , a DNA-binding protein involved in DNA-damage repair 43, 44 . We observed an accumulation of p62 and ubiquitinated proteins in GFP-(GA) 50 mice (Fig. 4a,b) , which may result from loss of HR23 protein function. If this were the case, we might also expect to see enhanced XPC degradation. Indeed, we found that XPC protein levels were decreased by ~50% in the brains of mice expressing GFP-(GA) 50 compared to mice expressing GFP or GFP-(GA) 50-mut , while total HR23 protein levels remained unchanged (Fig. 4a,b) . Consistent with the immunoblot data, immunohistochemistry showed a reduction in XPC levels in mice expressing GFP-(GA) 50 relative to controls ( Fig. 4c and Supplementary Fig. 4a ). Of note, XPC proteins formed cytoplasmic inclusions and localized with poly(GA) in a subset of neurons in the cortex and hippocampus of mice expressing GFP-(GA) 50 (Fig. 4c,d and Supplementary  Fig. 4a ,b) but remained mainly diffusely distributed in the nucleus of cells in control mice ( Fig. 4c and Supplementary Fig. 4a ). These data indicate that sequestration of HR23 by poly(GA) impairs HR23 function.
Poly(GA) mice develop brain atrophy and neurotoxicity As poly(GA) aggregates are toxic to cultured cells ( Fig. 1d-f) , we evaluated whether poly(GA) aggregates are harmful in the mouse brain. Expression of GFP and GFP-(GA) 50-mut had no effect on brain weight of mice. Conversely, mice expressing GFP-(GA) 50 exhibited a significant decrease in brain weight ( Fig. 5a) and size, the latter assessed by gross morphological analysis of hematoxylin and eosin−stained hemibrain sections (Supplementary Fig. 5a ). We detected a decrease in body weight, but only in male mice expressing GFP-(GA) 50 (Supplementary Fig. 5b ). Consistent with the decrease in brain weight of mice expressing GFP-(GA) 50 , which was suggestive of atrophy, significantly fewer neurons were present in their cortex and hippocampus relative to mice expressing GFP or GFP-(GA) 50-mut (Fig. 5b-d) . The number of NeuN-positive neurons was significantly decreased in layer V of the motor cortex and in the CA3 region of the hippocampus, areas relevant to ALS and FTD ( Fig. 5b-d and Supplementary Fig. 5c ). The number of cerebellar Purkinje cells was also significantly reduced in GFP-(GA) 50 mice (Fig. 5e) . The evaluation of neurodegeneration by silver staining revealed argyrophilic neurites and neurons ( Fig. 5f ) in mice expressing GFP-(GA) 50 but not in controls. Although rare, inclusions of phosphorylated TDP-43, another neuropathological hallmark of c9FTD/ALS, were specifically observed in mice expressing GFP-(GA) 50 (~5−10 cells per sagittal hemibrain section were found to be positive for phosphorylated TDP-43; Fig. 5g ).
As neurodegeneration is often associated with the accumulation of reactive astrocytes and microglia, we analyzed the brains of mice for signs of these responses. Transcript levels of Gfap, a marker of astrogliosis, but not of Iba1, a marker of microgliosis, were significantly increased in the brains of GFP-(GA) 50 mice compared to mice expressing GFP or GFP-(GA) 50-mut (Fig. 6a) . Likewise, increased GFAP protein expression was detected in the brains of mice expressing GFP-(GA) 50 , as assessed by immunoassay (Fig. 6b) and immunohistochemical analysis of cortex, motor cortex and hippocampus tissue (Fig. 6c,d) . Taken together, these data indicate that expression of poly(GA) proteins induced neuronal loss, astrogliosis and brain atrophy in 6-month-old mice.
To determine whether the aberrant features described above occurred progressively in mice expressing GFP-(GA) 50 or were caused by developmental defects, we examined GFP-(GA) 50 −expressing mice between 4 and 6 weeks of age. Poly(GA) inclusions and ubiquitin-positive inclusions were detected in the brains of the young mice expressing GFP-(GA) 50 but not in young mice expressing GFP 50 or GFP-(GA) 50-mut (n = 8 per group). (f) Silver staining of cortex of GFP, GFP-(GA) 50 or GFP-(GA) 50-mut mice identifying argyrophilic degenerating neurites (arrows) and neuronal cell bodies (arrowheads). Scale bar, 60 µm.
(g) Immunohistochemical analysis of phosphorylated TDP-43 in the brains of mice expressing GFP, GFP-(GA) 50 or GFP-(GA) 50-mut . Scale bar, 20 µm. Data are presented as mean ± s.e.m. In a: P < 0.0001, one-way ANOVA; ****P < 0.0001, Tukey's post hoc analysis. In c−e: P < 0.0001, one-way ANOVA; ***P = 0.0005 and ****P < 0.0001, Tukey's post hoc analysis. npg a r t I C l e S 50 or GFP-(GA) 50 -mut (n = 10-12 per group), where hyperactivity is indicated by the total distance traveled (b), signs of anxiety are manifested by a decrease in the ratio of distance traveled in the center area to total distance traveled (c), and potential deficits in motor coordination are indicated by a decrease in rearing assessed using raised photobeams (d). (e) Results from a four day rotarod performance test used to determine motor deficits of mice expressing GFP, GFP-(GA) 50 and GFP-(GA) 50 -mut (n = 10-12 per group) by evaluating latency to fall from a rotating rod. (f) In the fear conditioning test, associative learning and memory of mice expressing GFP, GFP-(GA) 50 or GFP-(GA) 50 -mut (n = 10-12 per group) were evaluated by the percent of time freezing in response to an unconditioned (context) or conditioned (cued) stimulus. Data are presented as mean ± s.e.m. In b, d and e: P < 0.0001, one-way ANOVA; ****P < 0.0001, Tukey's post hoc analysis. In c: P = 0.0001, one-way ANOVA; ***P = 0.0002 and **P = 0.0022, Tukey's post hoc analysis. In f (left): P = 0.0005, one-way ANOVA; ***P = 0.0009 and **P = 0.0042, as assessed by Tukey's post hoc analysis. In f (right): P < 0.0001, one-way ANOVA; ****P < 0.0001, Tukey's post hoc analysis.
or GFP-(GA) 50-mut (Supplementary Fig. 6a,b) . Nevertheless, we observed no significant changes in brain and body weight in these mice expressing GFP-(GA) 50 ( Supplementary Fig. 7a,b) , nor was there a loss of NeuN-positive neurons in the cortex and hippocampus, or loss of cerebellar Purkinje cells ( Supplementary Fig. 7c−e) . Likewise, we detected no signs of astrogliosis in brains of mice expressing GFP-(GA) 50 at this time point (Supplementary Fig. 7f ).
These data indicate that poly(GA) proteins did not influence early neuronal development and that poly(GA) inclusions formed before observable signs of neurodegeneration.
GFP-(GA) 50 mice develop behavioral deficits ALS patients display motor system deficits, and FTD is characterized by abnormalities in behavior, language and personality. To determine whether the combination of pathological features in poly(GA)-expressing mice is accompanied by c9FTD/ALS-relevant behaviors, we subjected 6-month-old mice to behavioral tasks. In the tailsuspension test, mice expressing GFP or GFP-(GA) 50-mut exhibited a normal escape response by splaying their hindlimbs (Fig. 7a) .
In contrast, GFP-(GA) 50 mice did not extend their hindlimbs and showed signs of forelimb clasping, the latter indicative of neurological abnormalities (Fig. 7a) . To explore this further, we tested mice in the open-field assay to assess general locomotor activity, exploration and anxiety-like behavior. Mice expressing GFP-(GA) 50 traveled a longer distance in comparison to control mice (Fig. 7b) , indicative of hyperactivity, and exhibited a decreased tendency to explore the center of the open field (Fig. 7c) , suggestive of anxiety-like behavior. Mice expressing GFP-(GA) 50 also spent less time rearing (Fig. 7d) , potentially indicative of a motor phenotype. We directly evaluated motor coordination and balance of mice using the rotarod test. During all training sessions, mice expressing GFP-(GA) 50 spent significantly less time on the rotating rod compared to control mice (Fig. 7e) . Finally, we used contextual and cued fear conditioning tests to measure associative learning and memory. In brief, we placed mice 
., white noise) was paired with a foot shock. Upon returning mice to the same environment in the absence of the white noise (contextual condition), or re-exposing mice to a different environment but with the white noise (cued conditioning), we recorded the freezing behavior of mice as an indicator of memory associating the environment or auditory cue with the aversive foot shock. Both in the contextual and cued tests, mice expressing GFP-(GA) 50 displayed a significant decrease in the amount of time freezing compared to mice expressing GFP or GFP-(GA) 50-mut (Fig. 7f) . Overall, mice expressing GFP-(GA) 50 developed hyperactivity and anxiety-like behavior, as well as motor and cognitive deficits.
HR23 expression rescues poly(GA)-induced toxicity
The above data indicate that poly(GA) proteins cause the sequestration and loss of function of HR23. To determine whether loss of HR23 protein function contributes to poly(GA) aggregation and toxicity, we sought to determine whether increasing HR23 protein levels in GFP-(GA) 50 −expressing primary neurons would provide neuroprotection. Previous studies have demonstrated that HR23B can completely compensate for the loss of HR23A activity but HR23A only partially compensates for the loss of HR23B 42, 45 . We thus expressed GFP-(GA) 50 proteins in primary neurons in the presence or absence of exogenous HR23B. Overexpressing HR23B restored HR23 protein function, as evidenced by a return of XPC to normal basal levels, and significantly decreased caspase-3 activation otherwise observed in neurons expressing GFP-(GA) 50 (Fig. 8a,b) . HR23B overexpression led to a significant decrease in high-molecular-weight GFP-(GA) 50 and a concomitant increase in monomeric GFP-(GA) 50 (Fig. 8a,b) . In addition, significantly fewer poly(GA) inclusions were formed in GFP-(GA) 50 primary neurons if exogenous HR23B was present (Fig. 8c,d ) even though expression of mRNA encoding GFP-(GA) 50 was not different between GFP-(GA) 50 −expressing cells without exogenous HR23B (1.00 ± 0.05) or with exogenous HR23B (0.93 ± 0.03, P = 0.32). Overexpressing HR23B in GFP-(GR) 50 −expressing primary neurons neither influenced levels of poly(GR) nor decreased activation of caspase-3 ( Supplementary Fig. 8a,b) , demonstrating that rescue of poly(GA)-induced toxicity by HR23B is specific and not the result of general neuroprotection. Given our findings suggesting that poly(GA) toxicity in cultured cells and mice is dependent on the ability of poly(GA) to aggregate, the HR23B-mediated attenuation of caspase-3 activation in neurons expressing GFP-(GA) 50 likely resulted, at least in part, from the observed decrease in poly(GA) aggregation. Overexpressing HR23B npg a r t I C l e S may also have provided rescue from poly(GA) toxicity by restoring the intracellular localization, and consequently function, of HR23B. As endogenous HR23B becomes trapped in poly(GA) inclusions, primary neurons expressing only GFP-(GA) 50 displayed little of the diffusely expressed nuclear and cytoplasmic HR23B seen in control cells expressing GFP (Fig. 8e) . However, this loss of free HR23B in GFP-(GA) 50 neurons was overcome by overexpressing HR23B despite the fact that a portion of HR23B remained sequestered in what poly(GA) inclusions remained (Fig. 8e) . The recovery of nuclear HR23B likely accounted for the above-mentioned rescue of XPC levels (Fig. 8a) . Taken together, these data implicate the involvement of impaired HR23 function in poly(GA) aggregation and neurotoxicity.
DISCUSSION
Here we provide evidence that (i) expression of poly(GA) proteins in the CNS of mice caused neurodegeneration and behavioral deficits; (ii) these abnormalities were dependent on the ability of poly(GA) to aggregate; (iii) poly(GA) inclusions sequestered various proteins, including those involved in nucleocytoplasmic transport and proteasomal protein degradation; (iv) HR23 protein pathology was present in c9FTD/ALS, (v) sequestration of HR23 led to its loss of function; and (vi) loss of HR23 protein function contributed to poly(GA) aggregation and toxicity. It is well documented that various aggregation-prone proteins directly contribute to neurodegeneration, implicating c9RAN proteins in c9FTD/ALS pathogenesis. There is evidence that different c9RAN proteins induce cellular toxicity through a variety of pathways [19] [20] [21] [22] [23] [24] [25] [26] . As poly(GA) pathology is particularly abundant in the brains of patients with c9FTD/ALS 17, 25, 27 , and because poly(GA) has proven toxic to cellular models 20, 22, 25 , we established a new poly(GA) mouse model to better understand the mechanisms underlying poly(GA) toxicity. We found that brains of mice expressing GFP-(GA) 50 weighed less, contained abundant ubiquitin-positive poly(GA) inclusions composed of fibrils, and exhibited cortical, hippocampal and cerebellar cell loss. Mice expressing GFP-(GA) 50 also developed behavioral, motor and memory deficits. The hippocampal neuronal loss in mice expressing GFP-(GA) 50 likely accounted for their memory impairment. As we rarely detected poly(GA) proteins in the spinal cord (data not shown), deficits in motor coordination and balance likely stemmed from the loss of neurons in the motor cortex, particularly in layer V, and/or loss of Purkinje cells of the cerebellum, a region known to play a fundamental role in motor control. It is also possible that the hyperactivity observed in mice expressing GFP-(GA) 50 influenced their performance in the rotarod test.
Unlike mice expressing GFP-(GA) 50 , mice expressing GFP-(GA) 50-mut , a mutant form of (GA) 50 that failed to aggregate, showed no signs of neurodegeneration nor of neuropathological and behavioral deficits. Thus, our data not only indicate that expression of poly(GA) is sufficient to induce neurodegeneration, but also that insoluble forms of the protein (i.e., oligomers or aggregates) are the toxic culprit. Given that the frequency of poly(GA) inclusions associates with cortical neurodegeneration only moderately 27 if at all 28, 46 , it seems likely that oligomers are the more likely effector, as is suspected to be the case for other aggregation-prone proteins in neurodegenerative disorders 47 .
Just as neurodegeneration was specific to mice expressing GFP-(GA) 50 , only GFP-(GA) 50 and not GFP-(GA) 50-mut caused the aberrant sequestration of HR23 proteins to poly(GA) inclusions, a pathological phenotype also observed in patients with c9FTD/ALS. These findings thus associate perturbations in HR23 proteins with neurodegeneration. Indeed, our data implicate poly(GA)-induced loss of HR23 protein function as a disease mechanism. HR23 proteins are responsible for transferring ubiquitinated proteins to the proteasome for degradation, and we discovered that ubiquitinated proteins and p62 accumulated in the brains of mice expressing GFP-(GA) 50 . We additionally observed a decrease in levels of XPC, a protein specifically stabilized by HR23 in the nucleus 42 . Prior reports indicate that loss of HR23 is detrimental; depletion of HR23B in mice results in a high rate of neonatal death with surviving mice displaying abnormalities including changes in behavior, such as jumping and circling 45 . It is also noteworthy that HR23 proteins form neuronal inclusions in patients with other repeat-expansion disorders, such as Huntington disease, spinocerebellar ataxias 3 and 7, and fragile X−associated tremor/ataxia syndrome 48 , suggesting HR23 impairment may be critical in various disorders.
We demonstrated that exogenous HR23B restored HR23 protein function and rescued the activation of caspase-3 that normally occurs upon GFP-(GA) 50 expression in primary neurons. Exogenous HR23B decreased levels of high-molecular-weight poly(GA) and the formation of poly(GA) inclusions. These data suggest there is an interplay between HR23 proteins and poly(GA). Although this relationship requires further study, as does the mechanism by which HR23 proteins attenuate poly(GA) aggregation, several possible scenarios come to mind. For instance, because the decrease in high-molecular-weight poly(GA) was accompanied by an increase in monomeric poly(GA), HR23 proteins, perhaps upon binding to poly(GA) monomers, may stabilize the monomers and attenuate their oligomerization. Alternatively, given that we observed that soluble poly(GA) is recruited to poly(GA) aggregates, HR23 proteins may enhance proteasomal degradation of highmolecular-weight poly(GA) and thus reduce the sequestration of poly(GA) monomers to inclusions and their conversion to oligomeric species. Whether exogenous HR23B provided rescue primarily by preventing poly(GA) aggregation, or whether restoring nuclear HR23B function was also a key factor in mitigating poly(GA) toxicity, remains to be determined.
In addition to HR23 proteins, nuclear pore complex proteins, RanGAP1 and Pom121, localized with poly(GA) inclusions and formed abnormal puncta in mice expressing GFP-(GA) 50 . These data add to the growing body of evidence implicating nucleocytoplasmic defects as a key pathological mechanism of c9FTD/ALS. Unbiased screens to identify genetic modifiers or poly(PR) toxicity in yeast uncovered genes encoding nuclear import proteins, components of the nuclear pore complex, and regulators of the Ran-GTPase cycle needed to power nuclear import 19 . In a similar fashion, disrupted nucleocytoplasmic transport has been observed in Drosophila expressing (G 4 C 2 ) 58 (ref. 12) or (G 4 C 2 ) 30 (ref. 13) . Further, cytoplasmic protein aggregates have been shown to interfere with the transport of proteins and RNA between the nucleus and cytoplasm 29 . Given that cytoplasmic poly(GA) inclusions are a prominent feature of c9FTD/ ALS 27 , and given our findings of nuclear pore protein pathology in GFP-(GA) 50 mice, poly(GA) may impair nucleocytoplasmic transport in c9FTD/ALS. Although this requires further study, it is also possible that nucleocytoplasmic transport defects might lead to an initial exclusion of HR23 proteins from the nucleus, leaving them vulnerable to cytoplasmic sequestration by poly(GA).
We recently generated mice that express 66 G 4 C 2 repeats to study the consequences of the C9ORF72 repeat expansion in vivo 39 . By 6 months of age, mice expressing (G 4 C 2 ) 66 developed nuclear RNA foci and inclusions of c9RAN proteins, including poly(GA). Mice expressing (G 4 C 2 ) 66 were also marked by neuronal loss and behavioral deficits much like mice expressing GFP-(GA) 50 , suggesting that expression of poly(GA) may be the cause of these phenotypes. npg a r t I C l e S Likewise, that both mice expressing (G 4 C 2 ) 66 and mice expressing GFP-(GA) 50 developed RanGAP1, Pom121 and HR23 protein pathology, suggests that poly(GA) expression causes or contributes to the development of these aberrant features in mice expressing (G 4 C 2 ) 66 . However, because phosphorylated TDP-43 inclusions were rare in 6 month-old mice expressing GFP-(GA) 50 , poly(GA) expression is unlikely the cause of the TDP-43 pathology observed in mice expressing (G 4 C 2 ) 66 and in patients with c9FTD/ALS.
Overall, the generation of our mouse model led to the discovery of a new neuropathological feature of c9FTD/ALS: HR23 protein pathology. Our studies also provide compelling evidence that, through their high propensity to aggregate and by impairing HR23 protein function, as well as sequestering proteins involved in nucleocytoplasmic transport, poly(GA) proteins substantially contribute to the neurodegeneration in c9FTD/ALS. Finally, our findings indicate that small-molecule disruptors of poly(GA)'s conformation could offer a promising therapeutic strategy to inhibit poly(GA) aggregation and thus mitigate poly(GA)-mediated neurotoxicity.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
generation of (gA) 50-mut plasmids. The plasmids encoding (GA) 50-mut were generated using a previously described method 25 . In brief, a gene fragment that contains 50 GA dipeptide repeats interrupted by a proline every 5 repeats was synthesized by GeneArt, and then ligated to the HindIII and BamHI restriction sites of the pEGFP-C1 vector (Clontech Laboratories) and pAAV-EGFP fusion vector to generate GFP-(GA) 50-mut and AAV-GFP-(GA) 50-mut expression vectors, respectively, where expression is driven by the CMV enhancer-chicken beta-actin (CBA) promoter. To generate the GST-(GA) 50-mut vector, PCR was performed to synthesize a cDNA fragment from (GA) 50-mut , which was then inserted into a pGEX-6P-1 vector (GE Healthcare) using the BamHI and XhoI cloning sites. To generate the AAV-HR23B-Myc expression vector, a cDNA fragment encoding C-terminally Myc-tagged HR23B was synthesized by PCR using an HR23B plasmid as a template. This PCR product was then inserted into a pAAV vector using HindIII and XhoI cloning sites. The sequences of all plasmids was verified by sequence analysis.
Purification of recombinant proteins and transmission electron microscopy (Tem) analysis. Recombinant GST-(GA) 50 and GST-(GA) 50-mut proteins were purified according to methods we previously described 25 . Purified GST-(GA) 50 or GST-(GA) 50-mut proteins were dialyzed in Precision Protease Buffer and then incubated with PreScission Protease (GE Healthcare) for 16 h at 4 °C. The resulting cleaved products were extensively dialyzed in PBS. Next, the cleaved products were loaded onto a Glutathione Sepharose 4B column (GE Healthcare) and incubated for 10 min. Flow-through solutions containing untagged (GA) 50 or (GA) 50-mut proteins were collected and concentrated with Amicon spin filters (molecular weight cut-off (MWCO) of 3,500). To examine the filamentous structure of recombinant proteins by TEM, 10 µM untagged (GA) 50 or (GA) 50-mut were fixed to carbon grids, negatively stained with uranyl acetate, and imaged by TEM at 120,000× magnification.
cell culture and preparation of cell lysates. HEK293T cells were grown in Opti-Mem plus 10% FBS and 1% penicillin-streptomycin. To examine the cellular distribution of GFP-(GA) 50 or GFP-(GA) 50-mut , cells grown on glass coverslips in 24-well plates were transfected with 0.3 µg of an expression vector encoding GFP-(GA) 50 or GFP-(GA) 50-mut using Lipofectamine 2000 (Life Technologies). After 48 h, cells were fixed with 4% paraformaldehyde in PBS for 15 min, and then permeabilized with PBS containing 0.5% Triton X-100 for 10 min. Afterward, Hoechst 33258 (1 µg/ml, Life Technologies) was used to stain cellular nuclei. Images were obtained on a Zeiss LSM 510 META confocal microscope.
To prepare the Triton X-100−soluble and insoluble fractions, cells grown in 6-well plates were transfected for 48 h with 1 µg of an expression vector (GFP-(GA) 50 or GFP-(GA) 50-mut ). Then, cell pellets were lysed in co-immunoprecipitation (co-IP) buffer (50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1% Triton X-100, 5 mM EDTA) containing protease and phosphatase inhibitors. Lysates were sonicated on ice, and then centrifuged at 16,000g for 20 min. Supernatants were saved as the Triton X-100−soluble fraction. Pellets were dissolved in co-IP buffer plus 2% SDS, and both a protease and phosphatase inhibitor mixture. After sonication, lysates were centrifuged at 16,000g for 20 min, and the supernatants were saved as the Triton X-100−insoluble fraction. The protein concentration of the fractions was determined by BCA assay (Thermo Scientific), and samples were then subjected to immunoblot analysis.
To examine whether poly(GA) inclusions sequester HR23 proteins in the cytosol, cells grown in 6-well plates were transfected for 48 h with 2 µg of an expression vector (GFP, GFP-(GA) 50 or GFP-(GA) 50-mut ). Then, fresh cell pellets were used to prepare nuclear and cytoplasmic fractions using a Nuclear/Cytosol Fractionation Kit (BioVision Inc.) according to the manufacturer's instructions with some modifications. Briefly, fresh cell pellets were lysed in cytosol extraction buffer, and then centrifuged at 800g for 10 min at 4 °C. Supernatants were saved as the cytoplasmic fraction. The pellets were re-extracted with cytosol extraction buffer. After centrifugation, the resulting nuclear pellets were lysed in nuclear extraction buffer, and then centrifuged at 16,000g for 10 min at 4 °C. The supernatants were saved as the nuclear fraction. The protein concentration of the fractions was determined as described above, and samples were then subjected to immunoblot analysis. mouse studies. All procedures in this study using mice were performed in accordance with the National Institutes of Health Guide for Care and Use of Experimental Animals and approved by the Mayo Clinic Institutional Animal Care and Use Committee.
Primary neuronal cultures and their treatment. Primary neuronal cultures were prepared as previously described 25 with slight modifications. In brief, fetal cortices were dissected in Hibernate A medium without calcium (BrainBits) and subsequently transferred into 10 ml of growth medium consisting of Neurobasal A (media Life Technologies) supplemented with B27, GMAX, gentamicin and bFGF (Life Technologies). Cells were dissociated in growth medium and strained through a 40 µm Falcon cell strainer (BD Bioscience) to remove cellular debris and to obtain a uniform, single-cell suspension. Neurons were seeded at a density of 7 × 10 5 cells/well in 6-well plates. After 4 d in culture, neurons were transduced with 1 × 10 10 AAV1 genome particles of GFP, GFP-(GA) 50 or GFP-(GA) 50-mut . Seven days post-transduction, medium was collected for the LDH assay (Promega), and cell pellets were lysed in co-IP buffer with 2% SDS, as well as protease and phosphatase inhibitors. Lysates were sonicated and centrifuged at 16,000g for 20 min. Supernatants were saved for BCA assay to determine the protein concentration of samples before immuoblot. To examine whether overexpression of HR23B protects neurons from poly(GA)-or poly(GR)-induced toxicity, neurons were co-transduced with rAAV1 particles of GFP-(GA) 50 or GFP-(GR) 50 (0.75 × 10 10 AAV1 genome particles) and either vector (0.5 × 10 10 AAV1 genome particles) or HR23B-Myc (0.5 × 10 10 AAV1 genome particles). Seven days post-transduction, neurons were harvested and cell lysates were prepared for immunoblot analysis as described above. To examine whether overexpression of HR23B inhibits formation of poly(GA) inclusions in mouse primary neurons, neurons were seeded at a density of 6 × 10 4 cells/coverslip in 24-well plates and co-transduced with rAAV1 virus of GFP-(GA) 50 (0.3 × 10 10 AAV1 genome particles) and either vector (0.2 × 10 10 AAV1 genome particles) or HR23B-Myc (0.2 × 10 10 AAV1 genome particles). Neurons were fixed at the indicated time-points for immunostaining as described below.
Intracerebroventricular injections of virus in neonatal mouse brain.
ICV injections of AAV1 virus in mouse brain were performed according to previous reports 49, 50 . In brief, at postnatal day 0 (P0) C57BL/6J pups were cryoanesthetized on ice until pups exhibited no movement. Next, a 32-gauge Hamilton needle attached to a 10 µl Hamilton syringe was inserted at approximately two-fifths the distance between the lambda and the eye of the pups. The needle was inserted perpendicular to the surface of the head and held at a depth of ~2 mm. Two microliters (1 × 10 10 genomes/µl) of AAV1-GFP, GFP-(GA) 50 or GFP-(GA) 50-mut solution were manually injected into each cerebral ventricle. After injections, pups were placed on a heat pad until they completely recovered from anesthesia and were then placed back into their home cages.
Tissue processing. Sagittal half brains were immersion fixed in 10% formalin, embedded in paraffin, sectioned (5 µm thick), and then mounted on glass slides for immunofluorescence and immunohistochemistry staining. The cortex and hippocampus of the other half brain were dissected and frozen on dry ice. To further process the tissue, the frozen cortex and hippocampus were homogenized in ice-cold buffer (50 mM Tris pH 7.4, 50 mM NaCl and 1 mM EDTA) with 2× protease and phosphatase inhibitors. The resulting homogenates were used for RNA extraction and preparation of brain lysates. For immunohistochemical staining of XPC, mice were perfused with 0.9% saline followed by 4% paraformaldehyde. Afterward, brains were harvested and cut sagittally across the midline, placed in 4% paraformaldehyde, and then embedded in paraffin for sectioning.
Immunofluorescence staining. Paraffin sections of mouse and human brains were subjected to immunofluorescence staining, as we previously described 51 . Information on human subjects is provided in Supplementary Table 3 . In brief, paraffin sections (5 µm) were deparaffinized and rehydrated in xylene and a graded series of alcohol (100%, 100%, 95% and 70%). Afterward, the sections were steamed for 30 min in Dako antigen retrieval solution or, when staining for RanGAP1 and Pom121, with HC-TekTM Epitope Retrieval Solution (IW-1100; IHC World; sodium citrate buffer). Sections were then blocked with Dako All Purpose Blocker for 1 h at room temperature (RT). To examine the cellular distribution of GFP, GFP-(GA) 50 or GFP-(GA) 50-mut , the sections were incubated overnight at 4 °C with a rabbit polyclonal anti-GFP antibody (A-6455, 1:1,000, Life Technologies) diluted in Dako Antibody Diluent. To determine whether poly(GA) inclusions are ubiquitin-positive, the sections were incubated with a rabbit polyclonal anti-GFP antibody (A-6455, 1:1,000, Life Technologies) and a mouse monoclonal anti-ubiquitin antibody (clone Ubi-1, 1:250, EMD Millipore). To examine what cell type has poly(GA) inclusions in mouse brain, sections were incubated with rabbit polyclonal anti-GFP antibody (A-6455, 1:1,000, Life Technologies), and mouse monoclonal anti-MAP2 (M1406, 1:200, Sigma) or mouse monoclonal anti-GFAP antibody (MU020-UC, 1:250, BioGenex). To determine if HR23 proteins co-localize with poly(GA) inclusions in mouse and human brain, sections were incubated with mouse monoclonal anti-HR23A (ab55725, 1:250, Abcam) or mouse monoclonal anti-HR23B antibody (ab88503, 1:250, Abcam), and rabbit polyclonal anti-GFP antibody (A-6455, 1:1,000, Life Technologies; used for mouse brain) or rabbit polyclonal anti-poly(GA) antibody (1:1,000; used for human brain). To examine the co-localization of HR23B proteins with c9RAN proteins in (G 4 C 2 ) 66 mouse and human brains, sections were incubated with mouse monoclonal anti-HR23B antibody (ab88503, 1:250, Abcam), and rabbit polyclonal anti-poly(GA) (1:1,000), rabbit polyclonal antipoly(GP) (1:1,000) or rabbit polyclonal anti-poly(GR) (1:1,000). To examine whether XPC proteins co-localize with poly(GA) inclusions in mouse brains, the sections were incubated with rabbit polyclonal anti-XPC antibody (sc-30156, 1:50, Santa Cruz Biotechnology) and mouse monoclonal anti-GFP antibody (MAB3580, 1:250, EMD Millipore). To examine the distribution of RanGAP1 and Pom121, we used rabbit anti-RanGAP1 (SC-25630; 1:100; Santa Cruz) or rabbit anti-Pom121 (PA5-27623; 1:100; Thermo Fisher Scientific), respectively; these were coupled with mouse anti-GFP (MAB3580; 1:250; EMD Millipore) when investigating the co-localization of these proteins with GFP-(GA) 50 . After washing, sections were incubated with the corresponding Alexa Fluor 488− conjugated donkey or goat anti-mouse, Alexa Fluor 488−conjugated donkey antirabbit, Alexa Fluor 568−conjugated donkey anti-rabbit, or Alexa Fluor 555 goat anti-rabbit secondary antibody (1:500-1:1,000, Molecular Probes) at RT for 2 h. Hoechst 33258 (1 µg/ml, Life Technologies) was used to stain cellular nuclei or a mounting medium containing DAPI was used. Fixed primary neurons grown on glass coverslips were permeabilized with PBS and 0.5% Triton X-100 for 10 min. After blocking with 5% nonfat milk for 1 h at 37 °C, cells were incubated overnight at 4 °C with rabbit polyclonal MAP2 antibody (1:1,000, AB5622, EMD Millipore) and mouse monoclonal anti-HR23B antibody (ab88503, 1:250, Abcam). After washing, cells were incubated with the Alexa Fluor 568−conjugated donkey antimouse and Alexa 633-conjugated donkey anti-rabbit secondary antibody (1:500, Molecular Probes) at 37 °C for 2 h. Hoechst 33258 was used to stain nuclei. Images were obtained on a Zeiss LSM 510 META confocal microscope or a Zeiss LSM700 laser scanning confocal microscope.
Immunohistochemistry staining. Paraffin sections of mouse and human brain were subjected to immunohistochemistry staining as previously described 48, 51 . In brief, following deparaffinization and rehydration, sections were pretreated by steaming for 30 min in dH 2 O for target retrieval, and endogenous peroxidase was blocked for 5 min with 0.03% hydrogen peroxide. Sections were then treated with 5% normal goat serum for 20 min at RT. Subsequently, sections were incubated in primary antibody for 45 min at RT using mouse monoclonal anti-ubiquitin antibody (clone Ubi-1, 1:60,000, EMD Millipore), rabbit polyclonal anti-GFP antibody (A-6455, 1:1,000, Life Technologies), rabbit polyclonal anti-GA antibody (1:50,000), rabbit polyclonal anti-GFAP antibody (PU020-UP, 1:2,500, Biogenex), rabbit polyclonal anti-Iba1 (019-19741, 1:3,000, Wako Chemicals), mouse monoclonal anti-NeuN (MAB377, 1:5.000, Chemicon International), rabbit polyclonal anti-phosphorylated TDP-43 (Serine 409/410) antibody 39 , mouse monoclonal anti-HR23A (ab55725, 1:250, Abcam), mouse monoclonal anti-HR23B antibody (ab88503, 1:250, Abcam) or rabbit polyclonal anti-XPC antibody (sc-30156, 1:50, Santa Cruz Biotechnology). After incubation in primary antibodies, sections were incubated for 30 min at RT in Dako Envision-Plus rabbit or mouse labeled polymer HRP. Peroxidase labeling was visualized with the chromogen solution 3, 3′-diaminobenzidine (DAB-Plus). Sections were then counterstained with Lerner 1 hematoxylin (Fisher Scientific) and coverslipped with Cytoseal mounting medium (Thermo Scientific).
Post-embedding immunoelectron microscopy (immunoem).
To examine the filamentous structure of poly(GA) proteins in mouse brain, immunoEM was performed as previously described 52 . Thin sections were pretreated with sodium citrate buffer, pH 6 at 90−95 °C for 10 min before immunolabeling. Rabbit polyclonal antibody to poly(GA) (1:150 in PBS) was used as the primary antibody, and goat anti-rabbit IgG conjugated with 18 nm colloidal gold particles (1:20, Jackson ImmunoResearch Laboratories) was used as the secondary antibody. Thin sections stained with uranyl acetate and lead citrate were examined with a Philips 208S electron microscopy (FEI) fitted with a Gatan 831 Orius chargecoupled device (CCD) camera (Gatan). Digital images were processed with Adobe Photoshop CS5 software.
Quantification of neuropathology. Aperio ePathology technology (Leica Biosystems) was used to quantify the percent burden of immunohistochemical Iba1 and GFAP staining, as well as NeuN-positive neuronal density in a blinded fashion. High-resolution digitized images of immunostained slides were obtained using a ScanScope AT2 (Leica Biosystems). The whole cortex and the motor cortex were annotated on mid-sagittal serial sections of Iba1, GFAP and NeuN for each mouse using ImageScope software (v12.1; Leica Biosystems). Iba1-positive microglia and GFAP-positive astrocytes, labeled brown by chromagen 3,3′-diaminobenzine, were quantified using two custom-designed positive pixel count algorithms 53 . From the annotated area, the number of positively stained pixels as a proportion of all pixels was used as the output parameter for both Iba1 and GFAP. The rounded appearance and staining intensity of NeuN-positive neurons was used to design a custom-designed Nuclear Algorithm. A NeuN-positive neuronal density measure was calculated as the number of neurons per given square millimeter of the annotated area. The NeuN stain was additionally used to semi-quantify the severity of hippocampal CA3 neuronal loss using a four-point scale: none (0: no neuronal loss), mild (1: slightly disrupted bi-layer of the CA3 region that enters the dentate gyrus), moderate (2: extensive loss of neuronal bi-layer), severe (3: extensive loss of neurons throughout the CA3 region). To quantify the Purkinje cells in the cerebellum, hematoxylin and eosin (H&E)-stained slides were scanned as described above. The number of Purkinje cells was counted along a total of 10 mm of the Purkinje layer of the cerebellum for each mouse, and then calculated as the average number of Purkinje cells per millimeter.
Silver staining. Mice were anesthetized and perfused with saline for 1 min followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were removed and fixed in 4% paraformaldehyde in PB overnight at 4 °C. Afterward, brains were immersed in 0.1 M PB containing 20% sucrose for 48 h at 4 °C and then frozen for sectioning. Sections (40 µm thickness) were cut with a cryostat microtome (Leica Biosystems) and stored in 4% paraformaldehyde in PB buffer at 4 °C. After 5 d, the sections were subjected to silver staining using FD NeuroSilver kit II (PK301A, FD Neurotechnologies) according to the manufacturer's instructions.
RnA extraction, reverse transcription and quantitative real-time PcR (qPcR).
To extract total RNA, one volume of the homogenate was immediately mixed with three volumes of Trizol LS Reagent (Life Technologies), and then frozen on dry ice. One day later, total RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research) according to the manufacturer's instructions, combined with an in-column DNase I digestion step. Total RNA from primary neurons was extracted using the RNAeasy Plus Mini Kit (QIAGEN) as per the manufacturer's instructions, combined with an in-column DNase I digestion step. cDNA was obtained after reverse transcription using 1,000 ng of RNA with random primers and the High Capacity cDNA Transcription Kit (Applied Biosystems) per the manufacturer's instructions.
To quantify mRNA levels of GFP, GFP-(GA) 50 or GFP-(GA) 50-mut , and gliosis markers, GFAP and Iba1, in mouse brain and/or primary neurons, qPCR was conducted in triplicate for all samples using SYBR green assay (Life Technologies) on an ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems). The primers used were: GFP: 5′-GAAG CGCGATCACATGGT-3′ and 5′-CCATGCCGAGAGTGATCC-3′; Gfap: 5′-GGAGAGGGACAACTTTGCAC-3′ and 5′-AGCCTCAGGTTGGTTTCATC-3′; Iba1: 5′-GGATTTGCAGGGAGGAAAAG-3′ and 5′-TGGGATCATCGAG
